crement was much greater in red cells than in plasma. Despite the increase in ammonia concentration of erythrocytes in anemic patients, the red cells contained a smaller fraction of the ammonia content of whole blood than did the red cells of non-anemic patients. Several explanations were proposed to explain these observations.' First, with the analytic method used, the erythrocytes of anemic blood may have yielded more ammonia than an equal volume of red cells suspended in a smaller volume of plasma, i.e. non-anemic blood. The second explanation assumes that this phenomenon was caused by alterations of erythrocyte ammonia metabolism in anemic patients.
The present study was undertaken to investigate under controlled conditions the effects of altering blood ammonia concentration and red cell volume on the distribution of ammonia between plasma and erythrocytes.
METHODS AND MATERIALS
All ammonia determinations were performed in duplicate, using the blood ammonia method of Seligson and Hirahara.' The ammonia concentration of whole blood and plasma was measured directly and the ammonia concentration of erythrocytes* calculated according to the formula: NHSE = NH3B -(I-h) (NH3p) h where NHRE is the ammonia concentration of erythrocytes in ,ug NH, N per 100 ml.; NHaB is the ammonia concentration of whole blood in ,ug NH8 N per 100 ml.;
NH,p is the ammonia concentration of plasma in pg NH, N per 100 ml.; and h is the hematocrit. Clinically ammonia levels are expressed as the concentration of ammonia of whole blood or of plasma. In considering the distribution of ammonia between plasma and erythrocytes, however, one is necessarily concerned with both the ammonia concentration and the ammonia content of these compartments. The ammonia content of 100 ml. of whole blood is the sum of the ammonia content of the plasma plus that of the erythrocytes, and of course, is the same as the ammonia concentration per 100 ml. of that blood. In order to calculate, for example, the ammonia concentration of the erythrocytes one must first determine the ammonia content of the plasma which is based on the ammonia concentration of plasma and the hematocrit (formula above). Furthermore, changes in erythrocyte ammonia concentration may vary independently of changes in erythrocyte ammonia content. To afford the reader the opportunity of seeing both the absolute and relative changes, the data are presented in terms of both ammonia content and ammonia concentration, e.g. the ammonia concentration of erythrocytes is expressed as pug per 100 ml. of erythrocytes; the ammonia content of erythocytes is expressed as pg per 100 ml. of whole blood.
* Theoretically this should be termed the "ammonia concentration of the cellular elements of blood." For practical purposes the contribution of the leukocytes and platelets was ignored. 34 Volume 41, Augast, 1968 Distribution of ammonia I CONN Details of analytic techniques and calculations of the ammonia content of plasma and erythrocytes, the ratio of erythrocyte to plasma ammonia concentrations (R), and the percentage of the total ammonia content of erythrocytes (P) have been presented previously.' Effect of increasing blood ammonia concentration Experiment I. The effect of physiologic increments in blood ammonia concentration on the distribution of ammonia was studied by comparing the ammonia concentration of antecubital venous blood before and after vigorous exercise of the forearm in 10 subjects. An indwelling needle was placed in an antecubital vein and a resting specimen withdrawn without stasis. A spring-type hand grip exerciser ("Power Gripper") was employed to fatigue the hand and forearm muscles.' Each subject performed "power grips" at the rate of 1 per second for 5 minutes or until fatigued. A postexercise blood specimen was withdrawn at the conclusion of exercise.
Experiment II. The effect of increasing blood ammonia concentration in uitro on the distribution of ammonia was studied in 10 blood specimens by adding one volume of (NH4)2SO0 solution (30 mg. NH3 N per 100 ml. made isotonic with NaCl) to 200 volumes of blood immediately after shedding. This technique theoretically elevated the blood ammonia concentration by 150 pg per 100 ml. without significantly changing the red cell volume. A control specimen was prepared by adding one volume of isotonic saline to 200 volumes of blood. After 10 minutes incubation at room temperature, aliquots were centrifuged for 10 minutes at 3,000 rpm in a refrigerated centrifuge. The hematocrit and the ammonia concentration of whole blood and plasma were promptly determined.
Experiment III. The rapidity of equilibration of ammonia added to blood was determined by comparing the distribution of ammonia in the plasma and erythrocytes immediately after and 15 minutes after the addition of concentrated (NH4)2SO4 solution. In 5 patients one volume of (NH4)2SO4 per 200 volumes of blood, and in the other 5 patients one volume per 100 volumes of blood were added. Effect of decreasing blood ammonia concentration Experiment IV. The influence of the physiologic reduction of blood ammonia levels on the distribution of ammonia was studied by comparing arterial and venous ammonia concentrations. Blood was withdrawn simultaneously from the femoral artery and an antecubital vein of 20 patients for measurement of the ammonia concentration of whole blood and plasma, and the hematocrit. In 12 patients, all of whom had cirrhosis and elevated arterial ammonia levels, the arteriovenous ammonia difference was greater than 25 ug per 100 ml. In the other eight the arteriovenous difference was < 25 ug per 100 ml.
Experiment V. The effect of reducing blood ammonia concentration in zitro on the distribution of blood ammonia was studied before and after passing blood and plasma through cation exchange resin columns. The ammonia concentration of blood and plasma was determined in 100 patients before and after passage through columns of Dowex-50 in the sodium cycle.* Ten milliliters of blood or plasma were passed through a 7 mm. column containing 3 gm. of resin. Ammonia analysis was performed on the effluent after the first 3 ml. had been discarded. Aqueous solutions of (NH4)2SO&(600 pug per 100 ml.) were rendered ammonia-free by passage through these columns. * The resin was generously provided by Fenwal Products, Morton Grove, Illinois.
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Effect of decreasing red cell volume Experiment VI. The effect of variations in red cell volume on the distribution of ammonia was investigated in 10 specimens, by comparing the ammonia concentration of whole blood and plasma of both undiluted blood and blood diluted with ammoniafree saline. One volume of saline was added to one volume of heparinized blood. After equilibration at room temperature for five minutes, the distribution of ammonia in plasma and red cells was determined. Calculations of expected ammonia levels were based on the ammonia concentration of each undiluted specimen and the assumptions that complete equilibration of ammonia between plasma and erythrocytes would occur following saline dilution and that the hematocrit of diluted blood would be half that of undiluted blood.
Experiment VII. An identical experiment was carried out using for dilution an (NH4) 2SO4 solution (300 Ag NHs N per 100 ml.) made isotonic with NaCl. Experiment VIII. An experiment similar to VI and VII was carried out using fresh, autologous plasma as the diluent. Heparinized blood was drawn and divided into three aliquots. One aliquot was centrifuged for 10 minutes at 3,000 rpm in a refrigerated centrifuge and one volume of the plasma obtained added to one volume of the second aliquot of whole blood. After equilibration at room temperature for five minutes, portions of the second (plasma-diluted), and third (undiluted) aliquots were centrifuged. The ammonia concentration was determined within 30 minutes of shedding. The order of analysis was randomized. Calculation of theoretic, expected values was based on the ammonia concentration of each mixture, and on the assumption that the hematocrit of diluted blood would be half that of undiluted blood. It was assumed also that no shift of ammonia between plasma and erythrocytes would occur in the plasma-diluted specimens.
Direct and indirect determination of erythrocyte ammonia concentration Experiment IX. The effect of anemia on the liberation of ammonia from erythrocytes was determined in 10 anemic patients (hematocrit < 32%) and 10 non-anemic patients (hematocrit > 40%). The ammonia concentration of whole blood and plasma was measured and the red cell ammonia concentration calculated. In addition, the erythrocyte ammonia concentration was measured directly after blood had been spun at 3,000 rpm for 10 minutes in an International refrigerated centrifuge with a radius of 20 cm. Plasma was removed for analysis. The upper portion of the red cell column, which included residual plasma and the buffy coat, was discarded and the lower portion used for analysis of the erythrocyte ammonia concentration. The volume of red cells pipetted was determined by weight because the viscosity of the red cells introduced an unavoidable error into volumetric measurements. Specific gravity of erythrocytes was assumed to be 1.10 . The ammonia concentration was corrected for the presence of trapped plasma estimated at 5 per cent.
RESULTS
Experiment I. Physiologic increase in blood ammonia concentration (Table 1) . Exercise caused a mean increase of 86 jug per 100 ml. in the ammonia concentration of venous blood draining the exercising forearm. The mean plasma and the mean erythrocyte ammonia concentrations rose 86 and 85 ,ug per 100 ml., respectively. The erythrocyte:plasma ammonia ratio (R) and the percentage of ammonia in red cells both decreased sharply after exercise. Comparison of the actual ammonia contents of plasma and erythrocytes revealed that 41 per cent of the rise in ammonia concentration of whole blood occurred in the red cells which constituted 39 per cent of the blood volume. These observations indicated that physiologic increments in blood ammonia concentration result in uniform distribution of ammonia between plasma and erythrocytes.
Experiment II. Increase of blood ammonia concentration in vitro (Table  1 ). The ammonia concentration of blood to which (NH4)2SO4 had been added averaged 142 ,ug per 100 ml. higher than control blood. Mean plasma and erythrocyte ammonia concentrations increased by 142 and 144 jug per 100 ml., respectively. The whole blood-plasma ammonia difference remained constant. Both the erythrocyte:plasma ammonia ratio (R) and the percentage (P) of ammonia in erythrocytes fell sharply, suggesting that the increase in ammonia was disproportionately great in plasma. The mean ammonia content of erythrocytes increased from 82 to 130 jg per 100 ml. of whole blood, an increment of 48, which constituted 34 per cent of the total increment in ammonia. The hematocrit averaged 34 per cent before and after the addition of (NH4)2SO. The whole blood-plasma ammonia difference remained constant at 57 ,ug per 100 ml.
This experiment showed that the addition of (NH4)2SO4 to blood in vitro caused a large and predictable increment in the ammonia concentration of whole blood (98% recovery of predicted levels). The increment in ammonia resulted in equal increases in the ammonia concentration of plasma, erythrocytes, and whole blood and, consequently, in decreases in the erythrocyte:plasma ammonia ratio (R) and in the percentage (P) of the whole blood ammonia found in the erythrocyte compartment. Thus, additions of ammonia to blood in vitro, like physiologic increments in blood ammonia concentration, are distributed uniformly between plasma and erythrocytes, independent of the pre-existing distribution of ammonia.
Experiment III. Rapidity of equilibration of increments in blood ammonia concentration (Table 2 ). There were no significant differences in the ammonia concentrations of whole blood, plasma, or erythrocytes analyzed immediately after or 15 minutes after the addition of (NH4)2SO4.
Similarly, none of the indices derived from these levels differed in the two samples. This indicates that the equilibration of ammonia occurred instantaneously. The mean recovery of added ammonia in this experiment was 97+3 per cent. (Table 3 ). In the 12 patients who exhibited an arteriovenous ammonia difference greater than 25 ug per 100 ml., the ammonia concentration of whole venous blood averaged 57 ug per 100 ml. lower than that of whole arterial blood. The ammonia concentration of venous plasma and erythrocytes was 48 and 78 Mfg per 100 ml. lower than those of arterial plasma and red cells, respectively. There was, however, no significant difference in the mean erythrocyte :plasma ammonia ratio (R) or in the percentage of ammonia in erythrocytes (P). The whole blood-plasma ammonia difference fell from 51 to 38. Of the total decrease of 57 Mug per 100 ml. (51%), 29 Mug occurred in the erythrocytes which made up 36 per cent of the blood volume.
Experiment V. Decrease of blood ammonia concentration in vitro ( Table  3) . Passage of whole blood through Dowex-50 cation exchange resin columns resulted in a mean decrease in the ammonia concentration of whole blood of 102 Mug per 100 ml. Plasma and erythrocyte ammonia concentrations decreased by 108 and 91 jMg per 100 ml., respectively. The mean whole blood-plasma ammonia difference increased slightly, from 49 to 55. The hematocrit was not changed by passage through the column. The erythrocyte:plasma ammonia ratio (R) and the percentage (P) of ammonia in red cells both increased greatly. Thirty-four per cent of the decrease occurred in the red cell component which averaged 39 per cent of the blood volume.
Experiment VI. Dilution of blood with saline (Table 4 ). (Fig. 1) . The ammonia concentration of whole blood diluted with an equal volume of isotonic saline decreased to about one half that of undiluted blood. This decrement approximated the predicted decrease of 50 per cent. The plasma ammonia concentration also fell after dilution, as expected, to approximately half its predilution level. Although the mean erythrocyte ammonia concentration was lower than that of the undiluted erythrocytes, it was significantly greater than predicted (p < 0.05). There was an increase in the mean erythrocyte :plasma ammonia ratio (R) which was greater than predicted (p < 0.05). The percentage (P) of ammonia in red cells fell to expected levels, however. The actual ammonia content of both plasma and red cells decreased to expected levels, but the decrease in erythrocytes was much greater than in plasma.
This experiment showed that the expansion of plasma with an ammoniafree, isotonic diluent resulted in considerable transfer of ammonia from red cells to plasma. Despite the passage of ammonia from erythrocyte to plasma, the ammonia concentration of erythrocytes remained relatively constant and the indices of erythrocyte ammonia content and concentration were (Fig. 1) . Dilution of blood with a solution of high ammonia concentration resulted in an increase in the ammonia concentration of whole blood which was slightly higher than expected. The ammonia concentration of plasma increased to predicted levels. The red cell ammonia concentration increased enormously-far beyond the anticipated increment. This was reflected by an increase in the red cell :plasma ammonia ratio (R) above expected levels (p < 0.05) and an increase in the percentage (P) of ammonia in red cells (p < 0.05). The proportion of ammonia in erythrocytes (P) was increased but not significantly above expected levels.
These data indicate that the added ammonia diffused freely between plasma and erythrocytes. Furthermore, it seems clear that the red cell ammonia concentration increased beyond any increment resulting from the diffusion of ammonia into erythrocytes. Indeed, the ammonia concentration of the red cells after dilution exceeded that of the ammonium sulfate solution and, consequently, could not be explained by diffusion of ammonia into the red cells. (Table 4) (Fig. 1) . The mean ammonia concentration of whole blood which had been diluted with plasma was, as expected, lower than that of undiluted blood and not significantly different from predicted values. Plasma ammonia concentration, too, was not significantly different from undiluted plasma and from anticipated values. The erythrocyte ammonia concentration, however, was significantly greater than predicted (p < 0.025). Although the mean erythrocyte:plasma ammonia ratio (R) and the percentage (P) of ammonia in red cells were higher than predicted, these differences were not significant statistically.
Reduction of red cell volume by dilution with plasma thus resulted in a modest increase in the erythrocyte ammonia concentration. The use of fresh, autologous plasma, which is identical with the "native" plasma of the undiluted blood in ammonia concentration, osmotic activity, pH and other physico-chemical characteristics should have prevented the introduction of any such variables capable of influencing the distribution of ammonia. The increase in red cell ammonia concentration must, therefore, be attributed to an increase in the red cell ammonia concentration or, conceivably, to enhanced recovery of ammonia from the erythrocytic component of anemic blood. It is conceivable that the loss of carbon dioxide from the plasma specimen during separation caused an increase in plasma pH that favored the transport of ammonia from plasma into the more acid red blood cells.
Experiment IX. Comparison of direct and indirect deternminations of erythrocyte amnonia concentration. In both anemic and non-anemic patients the calculated erythrocyte ammonia concentration was approximately 25 per cent higher than that determined directly (p < 0.001) ( Table 5 ). There was no significant difference, however, between the anemic and nonanemic patients in the relationship of the calculated to the direct erythrocyte ammonia concentration. These observations demonstrated that the elevated red cell ammonia level in anemic patients was not a technical artifact caused by the low hematocrit. The lower erythrocyte ammonia concentration found on direct measurement was probably caused by the greater viscosity of the red cells which slowed the release of ammonia from red cells as compared to whole blood or plasma. It has been suggested previously that the liberation of ammonia from erythrocytes may be incomplete. 7 The elimination of the buffy coat, which was removed with the plasma in the direct determination, was not responsible for the difference.8
DISCUSSION
Normally there exists a steep gradient between the ammonia concentration of plasma and erythrocytes."' In normal subjects the ammonia conVolume 41, August, 1968 centration of red cells is approximately three times higher than that of plasma. In patients with liver disease this gradient is diminished, and is smallest in patients with elevated blood ammonia levels. In such patients the ammonia concentration of red cells may be less than twice that of plasma and, occasionally, the ammonia concentrations of plasma and erythrocytes are equal. In anemic patients the erythrocyte :plasma ammonia ratios are normal or slightly elevated. In anemic patients with elevated blood ammonia levels the high erythrocytic ammonia concentration seen with anemia is balanced by the elevated plasma ammonia level found in hyperammonemia. Each of these clinical observations has been confirmed experimentally in the present investigation.
In these studies increasing the blood ammonia concentration physiologically by muscle exercise or artifactually by the addition of ammonia to blood in zitro caused a sharp decrease in the erythrocyte:plasma ammonia concentration (R). It appeared clear that the increment in ammonia, whether produced physiologically or artifactually, was distributed rapidly and uniformly between plasma and erythrocytes. Equal increments in ammonia concentration of both plasma and red cells will, of course, reduce the red cell :plasma ratio.
It would be expected that in the reduction of elevated blood ammonia levels ammonia would be removed uniformly from plasma and erythrocytes. This was not observed, however, in the physiologic reduction in uivo of elevated arterial ammonia levels by passage through the peripheral tissues. Although the venous ammonia levels were much lower than the arterial levels, almost half (49%o) of the decrement was derived from red cells which constituted about one third (36%o) of the blood volume. It is conceivable that the relatively large decrease in erythrocyte ammonia concentration was a consequence of the lower pH of venous than of arterial plasma, an alteration which would favor the efflux of ammonia from red cells into the plasma.""0
The reduction in vitro of blood ammonia levels by the use of cation exchange resins, however, resulted in a sharp decrease in ammonia concentration, which was disproportionately large in plasma. Although the reasons for the divergent findings in these two experiments are not known, one would expect a cation exchange resin to be more effective on plasma than on red cells since the red cell membrane would act as a barrier interposed between the resin and the contents of the erythrocytes. Furthermore, the effects of such cationic exchange on the Seligson-Hirahara blood ammonia determination are not known.
These investigations confirm the clinical observation that the red cell volume influences the plasma-red cell ammonia concentration gradient. Dilution of blood with isotonic, ammonia-free saline which induced a reduction of both hematocrit and ammonia concentration resulted in erythrocyte ammonia concentrations four to five times those of plasma. This large increase in the ammonia gradient was caused by dilutional decrease in plasma ammonia concentration and a relative increase in red cell ammonia concentration. Conversely, dilution with ammonium sulfate solution, which caused a decrease in hematocrit and an increase in blood ammonia concentration, caused no change in the erythrocyte :plasma ammonia ratio. In this situation the decrease in the ammonia gradient caused by the increment of ammonia was balanced by the increase in erythrocyte ammonia concentration induced by the decrease in hematocrit. It seems clear that the added ammonia diffused freely between plasma and erythrocytes. The increase in the ammonia concentration of the red cells was greater than could be expected from diffusion of the added ammonia into red cells. Finally dilution with autologous plasma, which caused a decrease in hematocrit without change in the plasma-erythrocyte ammonia gradient, resulted in a modest increase in the erythrocyte:plasma ammonia ratio. Since plasma ammonia concentration remained constant, the rise in gradient was clearly a consequence of the "anemia-induced" increase in erythrocyte ammonia concentration.
These three dilution experiments in which the red cell volume was reduced by half with diluents of varying ammonia concentration, all resulted in either an absolute or a relative increase in the ammonia concentration of the erythrocytes. These increments were independent of the shift of ammonia into or out of red cells induced by dilution with solutions of higher, lower, or equal ammonia concentration. When the results of these three studies were combined, the mean increment in ammonia concentration was significantly greater than anticipated (p < 0.01). That this increase occurred as a consequence of the generation of ammonia, and not as a result of the shift of ammonia into red cells, was shown by the absolute increase in the ammonia concentration of whole blood above expected levels (p < 0.01). The cause of the consistent small decrease in hematocrit below expected levels in these experiments is not known. There was no hemolysis.
These observations, both clinical and experimental, were performed using the Seligson-Hirahara ammonia method.' Studies from various laboratories have suggested that this technique, like other blood ammonia methods which employ alkalinization, measures both preformed ammonia and alkali-labile ammonia derived from alkaline hydrolysis of nitrogenous substances.7"1"la It is conceivable that some of the observations made herein 47 CONN reflect artifacts of the analytic technique rather than true differences in plasma and erythrocyte ammonia concentration. It was demonstrated, however, that anemia per se was not artifactually responsible for the elevated erythrocyte ammonia concentration observed in anemia.
These studies may provide insight into the metabolism of ammonia. Ammonia gains access to the blood from the gastrointestinal tract, primarily by the action of bacterial enzymes on nitrogenous substrates. In addition ammonia is formed by or liberated from muscle, brain, and kidney. It is removed by the liver as well as by muscle, brain, and kidney, and is excreted in small amounts by the lungs. The blood ammonia concentration is the net effect of all of these factors. The present studies suggest that erythrocytes, too, may generate ammonia under certain conditions, e.g. anemia.
Other studies have suggested that increments in ammonia concentration associated with metabolic inhibitors such as fluoride or oxalate are derived entirely from erythrocytes.8 Such observations raise many more questions than they answer: What is the role of erythrocytes in ammonia metabolism? Does erythrocyte ammonia concentration rise in response to metabolic injury or does some homeostatic mechanism require the red cells to maintain the total erythrocyte ammonia content at a constant level? What are the factors that determine the distribution of ammonia in the components of blood ?
It is probable that the distribution of ammonia in plasma and red cells depends to a large extent on the pH of plasma and erythrocytes and the pH gradient between them.9`Battaglia and his colleagues have recently reported analogous changes in the plasma and erythrocyte hydrogen ion concentration in various disturbances of acid-base balance.' Investigations are in progress to determine the relationship of pH to the distribution of ammonia in blood and to its metabolism in red cells.
SUMMARY
Clinical studies have suggested that both elevated ammonia levels and anemia alter the normal distribution of ammonia between plasma and erythrocytes. The effects of increasing and decreasing blood ammonia levels in vivo and in vitro on the distribution of ammonia were studied. Increments of ammonia were distributed uniformly between plasma and red cells independent of the pre-existing blood ammonia concentration or its distribution. Reduction of hematocrit in vitro caused an absolute increase in erythrocyte ammonia concentration, and an increase in the red cell :plasma ammonia concentration gradient independent of the ammonia concentration of whole blood. Possible implications of these changes were discussed. 48 Volume 41, August, 1968 Distribution of ammonia I CONN
